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Table S1. X-ray and neutron crystallographic data statistics for ferric APX and ferric APX in complex 
with ascorbate.  
 

 Ferric APX APX-ascorbate  
 

X-ray  Neutron X-ray Neutron 

Space group P42212 

Unit-cell parameters (Å,°) a=82.4, b=82.4, c=75.5 
α=90.0 β=90.0 γ=90.0 

Data collection 

Source In-house  LADI-III,  
Institut Laue-
Langevin, 
Grenoble  

In-house BIODIFF 
FRM-II, 
Garching  

Wavelength (Å) 1.5418 2.87-3.4 1.5418 3.4 
Temperature (K) 100 100 100 100 
Resolution range (Å) 20.11-1.9 

(1.94-1.90) 
36.68-2.2  
(2.32-2.20) 

20.47-1.90  
(1.94-1.90) 

36.2-2.10  
(2.16-2.10) 

No. of unique reflections 21444 (1422) 10136 (1238) 20678 (1369) 14368 (1034) 
Redundancy 11.2 (11.2) 3.3 (2.9) 10.9 (10.9) 3.0 (2.7) 
Completeness (%) 99.9 (100) 77.5 (66.4) 99.9 (100) 91.1 (80.9) 
〈I/σ(I)〉 11.1 (3.1) 5.9 (3.8) 6.9 (3.3) 3.9 (2.2) 
†Rmerge (%) 15.9 (78.6) 16.4 (27.1) 24.1 (66.8) 24.9 (48.0) 
Number of crystals 10 1 10 1 
Refinement 
dmin (Å) 1.9 2.2 1.9 2.1 
No. of reflections 20295 10135 19573 14348 
Rmsd bond length / angles (Å, °) 0.01/1.88 0.01/1.52 0.01/1.84 0.01/1.23 
∫Rcryst / Rfree % 14.6/19.1 27.6/30.7 16.5/20.8 20.4/23.7 

 
†Rmerge = ( Ʃ | I–<I> | / Ʃ <I>) x 100 
∫Rcryst = (Ʃ | Fo–Fc | / Ʃ |Fo|) x 100 
Rfree is calculated in the same way as Rcryst for data omitted from refinement (5% of reflections for all 
data sets). 
 
 
 
 
 
 
 



 

 
  

  



Molecular dynamics simulations 
Molecular Dynamics Simulations – Methods 
Molecular Mechanical (MM) molecular dynamics (MD) simulations were set up from the neutron 
crystal structure of ascorbate peroxidase complexed with ascorbate, either with Arg38 treated as neutral 
(singly protonated on Nh1) or charged. Apart from Arg38, all ionizable residues were in their standard 
protonation states according to the hbuild routine in CHARMM. Histidine tautomers were determined 
based on local hydrogen bonding networks and they were all are singly protonated on Nd1. The system 
was then solvated with a pre-equilibrated TIP3P cubic water box of 75 Å3. To ensure the neutralization 
of the system and a KCl salt concentration corresponding to 0.15 M, randomly picked water molecules 
distant from the protein were replaced by K+ and Cl− ions. The resulting system contains 44244 atoms, 
including the water molecules. 10000 steps of energy minimization followed by molecular dynamics 
simulations using periodic boundary conditions were carried out. 7 independent production trajectories 
in the NPT ensemble were performed for 50 ns each, after 10 ns of equilibration using NAMD (1) for 
a total of 350 ns of production time for both the neutral and charged arginine systems. A time step of 2 
fs was used. Temperature and pressure were held constant at 300K and 1 atm, respectively, using 
Langevin dynamics and Nosé-Hoover Langevin piston pressure control with default NAMD settings. 
All of the bonds and angles involving hydrogen atoms were constrained by the SHAKE (2) algorithm. 
We used the CHARMM36 (3) force field, and the particle mesh Ewald method (4) for the long-range 
electrostatics in combination with a 12 Å cutoff for the evaluation of the nonbonded interactions. 
Parameters for the heme group in its oxidized state were obtained from Autenrieth et al. (5). The 
parameters for the corresponding neutral tautomer of arginine were obtained from Li et al. (6) and 
parameters for the ascorbate acid where obtained using the CHARMM General Force Field program 
(CGenFF) (7) via the ParamChem service. Coordinates were saved every 20 ps for analysis.  
 
Molecular Dynamics Simulations – Results 
To evaluate changes in structure between the MD simulations (in aqueous solution) and the neutron 
crystal structure, average root mean square deviations (RMSD) were calculated (not considering 
hydrogen atoms). RMSDs are small for both the whole protein and for the subset of residues within 10 
Å of the Fe atom (Table S2) and there are no significant differences between the neutral and charged 
forms. Root mean square fluctuations (RMSF) from the MD simulations, indicating flexibility, were 
also calculated for each amino acid, with no significant difference between the neutral and charged 
forms (difference on average 0.07 Å). This analysis suggests that the protonation state of Arg38 does 
not significantly affect the global nor the active site structure and flexibility.  
The number of water molecules in the active site was monitored during the MD simulations. In the area 
comprised by two 8 Å spheres centred on Nh1 of Arg38 and the Fe atom, there are always 
approximately five water molecules in both states (Table S2; 8 Å is the approximate average distance 
between these two atom centres). There is a small increase in hydration (0.5 water molecule) of the 
active site when Arg38 is charged. Seven hydrogen bonds are formed on average involving the water 
molecules and the Nh1-Arg38 atom. These water molecules remain in place and could participate in 
proton transfer: they form a hydrogen-bonded chain linking Arg38 with the heme Fe. In addition, Arg38 
is linked to the ascorbate substrate via hydrogen bonds. This is consistent with the possible movements 
of protons proposed in this work, see Fig. 1B and Fig. 3 of the main text.  
 
Table S2. Analysis of the MD simulation of the ascorbate peroxidase in complex with ascorbate and 
with Arg38 in its charged or neutral form. 

 neutral Arg38 charged Arg38 
waters1 4.9 5.4 
h-bonds2 6.9 6.8 
global RMSD (Å) 1.45 1.42 
backbone global RMSD (Å) 0.98 0.93 
active site RMSD3 (Å) 0.83 0.72 
backbone active site RMSD3 (Å) 0.67 0.54 
1 Number of water molecules comprised within the two spheres of 8Å around the Nh1 atom of the Arg38 
and the iron-coordinated water. 
2 Number of hydrogen bonds involving waters comprised within the two spheres of 8 Å around the Nh1 
atom of the Arg38 and the iron-coordinated water. Hydrogen bonds are defined as donor and acceptor 
atoms to be less than 3 Å apart and angle greater or equal to 150o.  
3 RMSD for the atoms within 10 Å of the Fe. 



 

 

 

Figure S3. Superposition of the positions of water molecules across 350 ns of MD simulation of each state 
(neutral Arg38 in A, charged Arg38 in B). This indicates that the water molecule positions are very similar to 
those inferred from the neutron crystallographic structure.  
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